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Abstract How the impacts of climate change on biological invasions will play out at the
mechanistic level is not well understood. Two major hypotheses have been proposed:
invasive species have a suite of traits that enhance their performance relative to indigenous
ones over a reasonably wide set of circumstances; invasive species have greater phenotypic
plasticity than their indigenous counterparts and will be better able to retain performance
under altered conditions. Thus, two possibly independent, but complementary mechanistic
perspectives can be adopted: based on trait means and on reaction norms. Here, to dem-
onstrate how this approach might be applied to understand interactions between climate
change and invasion, we investigate variation in the egg development times and their
sensitivity to temperature amongst indigenous and introduced springtail species in a cool
temperate ecosystem (Marion Island, 46540S 37540E) that is undergoing significant cli-
mate change. Generalized linear model analyses of the linear part of the development rate
curves revealed significantly higher mean trait values in the invasive species compared to
indigenous species, but no significant interactions were found when comparing the thermal
reaction norms. In addition, the invasive species had a higher hatching success than the
indigenous species at high temperatures. This work demonstrates the value of explicitly
examining variation in trait means and reaction norms among indigenous and invasive
species to understand the mechanistic basis of variable responses to climate change among
these groups.
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Introduction
The major drivers of biodiversity change are well known. Habitat alteration, over-
exploitation, biological invasions and co-extinctions were identified as an ‘evil quartet’
nearly two decades ago (Diamond 1989). Together with climate change, their present and
likely future effects on biodiversity and human well-being remain among the most sig-
nificant problems presently facing humanity (Sala et al. 2000; Chown and Gaston 2008).
Although much is known about the mechanistic basis of each of these drivers, how they are
likely to interact has not been comprehensively investigated across the full range of
interactions (Brook et al. 2008). For example, understanding of the nature and outcome of
interactions among habitat alteration and invasion is growing rapidly, and it is clear that the
‘driver-passenger’ relationship is often context dependent (Daehler 2003; Didham et al.
2007). Similarly, appreciation of how habitat alteration, patchiness, climate change and
short-term evolutionary responses act in isolation and in concert to affect species distri-
butions across the landscape is also growing rapidly (Warren et al. 2001; Carroll and Fox
2007; de Mazancourt et al. 2008). By contrast, interactions between climate change and
invasion are poorly understood.
It is widely thought that climate change will exacerbate the extent and impact of
biological invasions, affecting each of the stages in the invasion process (Cannon 1998;
Hobbs and Mooney 2005; Theoharides and Dukes 2007), and, where non-indigenous
species have established, often favouring them over indigenous species (Dukes and
Mooney 1999). Whilst evidence is accumulating to support some of these conjectures (e.g.,
Holzapfel and Vinebrooke 2005; Chown et al. 2007), the number of empirical studies of
interactions between climate change and invasion remains relatively limited (Walther et al.
2009). Indeed, several recent reviews have concluded that the information available is
insufficient for empirical generalization (Ward and Masters 2007; Chown and Gaston
2008; Brook 2008). This is especially true for how such interactions might play out at the
mechanistic level (Agrawal 2001; Stachowicz et al. 2002). Nonetheless, two major
hypotheses have been proposed.
First, invasive species have a suite of traits that enhance their performance relative to
indigenous ones over a reasonably wide set of circumstances. In consequence, climate
change will continue to mean that these species perform better than their indigenous
counterparts. The foundation of this idea stretches back at least to Elton (1958) and has
formed the basis of a large literature attempting to identify the species-level characteristics
that might promote invasion. For example, in plants, invasive species are often charac-
terized by large stature, high seed mass, rapid and profuse seedling emergence, and self-
fertilization (Richardson and Pyšek 2006; van Kleunen and Johnson 2007; van Kleunen
et al. 2008, but see also Davis and Shaw 2001; Daehler 2003). In consequence, these
species are able to take advantage of a reasonably broad range of conditions, especially
those that are considered favourable for plant performance generally, such as warm, moist,
nutrient rich circumstances (Stohlgren et al. 2008). This idea has also been extended to
many other groups. For example, invasive invertebrate species are apparently often small-
bodied and have high-growth rates, so promoting their success in novel environments
(Lawton and Brown 1986; Gaston et al. 2001). In birds, behavioural flexibility, broad
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environmental tolerances and wide resource use are all thought to favour invasion (Duncan
et al. 2003). Thus, if invasive species have a suite of characteristics that enable them to
succeed under a reasonably wide range of conditions they should perform better under
warmer conditions too. In ectotherms, the generally positive relationship between growth
rate and temperature (Chown and Nicolson 2004; Ward and Masters 2007) means that this
will be especially likely as long as the temperature increase does not exceed organismal
thermal safety margins (see also Deutsch et al. 2008; Frazier et al. 2008), and mismatches
in phenology do not limit resource availability (Parmesan 2007). However, this hypothesis
provides no grounds for expecting that climate change will increasingly favour invasive
species.
Second, invasive species have greater phenotypic plasticity than their indigenous
counterparts. In consequence, they will be better able to retain performance under the
altered circumstances precipitated by climate change. This hypothesis is a component of
the idea first proposed by Baker (1965) of a ‘‘general purpose genotype’’, and has garnered
some support both for plants (Daehler 2003; Richardson and Pyšek 2006) and animals
(Trussell and Smith 2000; Rosecchi et al. 2001; Duncan et al. 2003; Dzialowski et al. 2003,
but see also Lee et al. 2007). In the context of climate change, Stachowicz et al. (2002)
demonstrated that invasive ascidians had steeper growth rate–temperature relationships
than an indigenous species, and argued that this has favoured the introduced species under
warming, an idea supported by several years of demographic data. By contrast, Chown
et al. (2007) found no difference in the extent of phenotypic plasticity for desiccation
tolerance in indigenous and invasive springtails. However, they showed that the form of
plasticity differed between these two groups. Invasive species are favoured following
exposure to warm conditions, whilst indigenous species perform better following a low
temperature treatment.
Clearly, plasticity may evolve independently of or in concert with the trait mean, and
indeed how this interaction should be viewed and modelled has been the subject of much
discussion (see Scheiner 1993; de Jong 1995, 2005; Via et al. 1995; Ghalambor et al.
2007). Nonetheless, as a matter of convenience the mean and plasticity can be considered
relatively independent (see Ghalambor et al. 2007: 396). Thus, the mechanistic, organis-
mal-level exploration of interactions between climate change and invasion can be
approached from complementary perspectives: the way that differences in mean trait
values among indigenous and invasive species are likely to affect performance or survival
under a new set of conditions, and the way that variation in reaction norms among these
two groups of species may affect fitness under altered conditions (Lee 2002; Lee et al.
2003; Dybdahl and Kane 2005). This does not mean that mean trait values and plasticity
are necessarily independent (see de Jong 1995, 2005; van Kleunen and Fischer 2005;
Ghalambor et al. 2007), but does provide a framework within which the historical per-
spectives of differences in trait values and in plasticity among indigenous and invasive
species can be interpreted.
Here, we adopt this approach to investigate the likely impacts of interactions between
climate change and invasion, mediated through egg development rate and its response to
temperature, in a springtail assemblage from a cool, temperate ecosystem that is under-
going significant climate change (Chown et al. 2007; see Dybdahl and Kane 2005 for a
similar approach). Springtails were chosen as the study organisms because they are a
globally significant group of soil invertebrates that play major roles in ecosystem func-
tioning (Rusek 1998), including in the system we investigate (Gabriel et al. 2001; Hugo
et al. 2004). Egg development rate (or time, given that rate = 1/development time) was
selected because it is an important component of fitness in springtails (as is development
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rate more generally—Sibly and Calow 1986; Roff 2002), and the egg development period
encompasses a substantial portion of the life cycle of an individual springtail (van Straalen
1994; Birkemoe and Leinaas 2000).
Specifically, we first test the hypothesis that over the linear portion of the rate–
temperature curve (this portion of the rate–temperature curves is most often the subject of
investigation—see e.g., Trudgill et al. 2005; de Jong and van der Have 2008), mean egg
development should be faster in the invasive than in the indigenous species. Next we
evaluate the prediction of the reaction norm hypothesis that the invasive species should
have steeper rate–temperature relationships than the indigenous species (which has its basis
not only in the findings of Stachowicz et al. (2002) for ascidians, but also in terms of the
same hypothesis proposed for insects from the same region (Chown et al. 2002)). The
outcomes of these two tests are subsequently explored in the context of what is known
about the population responses of these species to current climates and climate change, to
further knowledge of the likely effects of rapid climate change on this system (see le Roux
and McGeoch 2008).
Methods
Study site and species
All species used in this study were collected from sub-Antarctic Marion Island (46540S
37540E), which has a cool, wet, windy climate that has shown a substantial change over
the last 50 years, including more than a 1.3C increase in mean annual temperature
(Chown and Froneman 2008). Sixteen springtail species occur on the island, of which six
are invasive, four endemic and six have a broader, sub-Antarctic distribution (Gabriel et al.
2001; Frenot et al. 2005). The invasive springtails are mostly of European origin (Chown
et al. 2002) and are thought to have been introduced by humans with animal fodder
provided for sheep that were kept on the island in the 1950s (Cooper and Condy 1988).
Thus they have been on the island for at least 40 years (Deharveng 1981). In Europe,
original records of the species are mostly from Scandinavia and northern areas of Germany
(Fjellberg 1998; Potapov 2001). Low mitochondrial cytochrome oxidase I (COI) haplotype
numbers (typically a single haplotype) in the invasive springtail species are indicative of
colonization by a few individuals, whilst the indigenous species are characterized by
considerable haplotype diversity (Myburgh et al. 2007).
For this study, the seven most common Poduromorpha and Entomobryomorpha species
on the island were investigated. Cryptopygus dubius Deharveng (Isotomidae), C. tricuspis
Enderlein and C. antarcticus travei Deharveng are indigenous, whilst Ceratophysella
denticulata Bagnall (Hypogastruridae), Parisotoma notabilis Schäeffer (Isotomidae),
Isotomurus cf. palustris Müller (Isotomidae) and Pogonognathellus flavescens Tullberg
(Tomoceridae) are invasive (Gabriel et al. 2001). The species also differ in depth distri-
bution within the soil profile: Isotomurus cf. palustris, C. antarcticus travei and Pogon-
ognathellus flavescens are epedaphic or soil-surface dwellers, Cryptopygus dubius and
Ceratophysella denticulata hemi-edaphic or litter dwellers, and C. tricuspis and Pariso-
toma notabilis euedaphic or soil dwellers (see van Straalen 1994 and Hopkin 1997 for
discussion of depth distributions in springtails).
Several hundred adult specimens of each species were collected in the field (below
100 m above sea level) using an aspirator and placed into 30 ml vials with moist Plaster-
of-Paris substrates and small amounts of detritus for shelter and food, and transported back
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to the laboratory within 5 h of collection. In the laboratory, specimens were kept in 40 ml
containers, with moist Plaster-of-Paris substrates and small amounts of detritus and algae
as food, in incubators (LABCON, Johannesburg, South Africa, accurate to ±1C) at 5C
with a 12L: 12D photoperiod. The animals were then transferred to Oslo, Norway, where
most work was undertaken except for a few additional trials with Cryptopygus antarcticus
travei and Isotomurus cf. palustris, which were done in Stellenbosch South Africa. In both
places animals were maintained under identical conditions in the same make of incubators
(Sanyo MIR 153, Osaka, Japan, accurate to ±0.5C). All individuals used for experiments
were acclimated at 15C (or 10C in the case of Cryptopygus antarcticus travei) for at least
14 days before the start of the experiment, as egg production was low at 5C. Distilled
water was added once a week to maintain high humidity and springtails were provided with
excess algae as a food source (replaced once to twice a week to prevent growth of mould).
Embryonic development rates
Previous studies have demonstrated low survival when springtail individuals are kept
separately (e.g., Birkemoe and Leinaas 2000). Thus, 10–20 adults from the stock cultures
were randomly placed in culture boxes (diameter = 3.4 cm, depth = 3 cm) lined with
Plaster-of-Paris mixed with charcoal powder (ratio of 9:1). For optimum egg production,
and to reduce maternal effects, culture boxes were kept at 15C for one generation, or, for
Cryptopygus antarcticus travei only, at 10C because mortality in this species was high at
15C. Egg batches (Cfive eggs) were then collected daily from culture boxes of each
species (except P. flavescens which laid single eggs) and assigned to a particular tem-
perature treatment (see below). For each species and each treatment, eggs were distributed
at random among at least four culture vials to avoid container effects. The vials were then
placed into the incubators (Sanyo MIR) at a set temperature and 12L:12D light regime.
Eggs were inspected daily until hatching, and at this time containers were randomized
among shelves to avoid shelf effects. Egg development times (determined as the number of
days between egg laying and hatching (Birkemoe and Leinaas 2000)) were obtained at
c. 5C intervals from 5 to 28.8C to provide complete performance curves (see Angilletta
2006; Deere and Chown 2006). Due to technical difficulties (incubator failure) no egg
development time measurements were obtained for P. flavescens above 25C. Cryptopygus
antarcticus travei eggs failed to hatch at 20C and above.
Hatching success is often traded off against egg development rate (Stearns 1992;
Stillwell and Fox 2005; Geister et al. 2009). This means that for a given species, a high egg
development rate may not necessarily also mean high survival under those conditions,
resulting in low fitness at high temperatures. Therefore, we also examined hatching success
at 15C and at 25C for all species except C. antarcticus travei which had zero hatching
success at 20 and 25C. Specifically, we determined whether hatching success declined in
the indigenous vs. invasive species (irrespective of soil depth category) at the higher
temperatures. Hatching success was recorded as the number of eggs that hatched from the
total number of eggs in the batch. This value was converted to a percentage value (number
of hatched eggs/total number eggs in batch 9 100).
Analyses
First, whilst recognizing that rate–temperature relationships typically have a non-linear
form (Stearns 1992; Angilletta 2006), and that a variety of analytical approaches are
available to deal with this non-linearity (e.g. David et al. 1997; Izem and Kingsolver 2005)
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only the linear portion of the reaction norm (5–20C in this case, hereafter rate–temper-
ature or R–T curve) was analyzed. Such analyses are typical of investigations of rate–
temperature relationships (see Trudgill et al. 2005; Ikemoto 2005; de Jong and van der
Have 2008). Moreover, the aim here was to consider the sensitivity to development over
the linear part of the temperature range as the reaction norm, and the mean across these
temperatures as the mean trait value.
For the analysis of mean trait values and their reaction norms over the linear portion of
the R–T curve, general linear models, implemented in Statistica v.8 (Statsoft, Tulsa, OK,
USA), were used. In all cases, mean egg development rate per egg batch was used as the
independent data because individual eggs within batches are unlikely to represent inde-
pendent data (with the exception of Pogonognathellus flavescens which laid eggs singly).
The first hypothesis tested was that mean log10 egg development rate, holding temperature
constant, differs among the invasive and indigenous species and among the soil depth
categories. Thus, the model included temperature as a covariate to estimate the least-
squares mean trait value. However, because the rate–temperature relationship might differ
among species, a general linear model specifically testing for whether interactions are
present between temperature and status (indigenous vs. invasive), and between temperature
and depth category was initially implemented (see Quinn and Keough 2002: 349, the test
was implemented in Statistica v. 8). No slope heterogeneity was found, and in effect this
formed the test of whether the linear reaction norms differed among the species.
Because each status by depth group was typically only represented by a single species
(except for the ‘epedaphic invasive’ group which included Isotomurus cf. palustris and
Pogonognathellus flavescens), the power of the above tests to assess the extent to which
any differences among the status and depth groups might be considered general, could be
thought of as limited. Therefore, further to examine the extent to which these differences
might be biologically significant we also undertook a randomization analysis where
development rate data were randomized among the same number of status and depth
groups. Here we used a resample-without-replacement protocol for both status and depth
categorical variables (see Parr et al. 2005). Then, we calculated mean log10 egg devel-
opment rate for 100 random re-samples (run in Microsoft Excel) and computed their 95%
confidence limits. This allowed us to undertake a comparison of randomized depth/inva-
sive status samples relative to observed egg development rate for each category. We
reasoned that if particular status and depth group means were different to a random
selection of the data, additional confidence could be placed in their biological significance.
Because phylogenetic relatedness may have played a major role in influencing the
patterns in trait variation found among these species (given that the data set for the
indigenous species included only the genus Cryptopygus) we undertook a second set of
analyses using phylogenetic generalized least squares (PGLS). The PGLS and generalized
estimating equation (GEE) analyses were implemented in the APE module (Paradis et al.
2004) of the R language open-source software package (following methods outlined in
Halsey et al. 2006). The species level phylogeny was constructed using mitochondrial COI
sequence data (Supplementary material S3). The tree concurred with previously published
analyses (Stevens et al. 2006), with the exception of Cryptopygus tricuspis clustering with
Ceratophysella denticulata and Pogonognathellus flavescens, as opposed to with other
Cryptopygus species (C. antarcticus travei and C. dubius). No reason exists to suppose that
Cryptopygus is paraphyletic (based on limited 28S data and on Stevens et al. 2006). Rather
the outcome was likely due to hemiplasy (Avise and Robinson 2008). Therefore, to
determine branch lengths, the evolutionary tree was constrained to group C. tricuspis
within the other Cryptopygus species. Branch lengths were determined in PAUP*
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(Swofford 2001) using maximum likelihood analyses and plotted on the tree. Thereafter,
PGLS, using these estimated branch lengths in units of mutational change, was used to
assess the strength of the effect of the hypothetical phylogeny on the dependent variable by
estimating lambda (k). k is an estimate of the phylogenetic covariance in the data and lies
between 0 and 1; k = 1 indicates a strong influence of phylogeny while k = 0 indicates
little influence of phylogeny (see Halsey et al. 2006). In the GEE models significance
levels were calculated from phylogenetically adjusted degrees of freedom. The PGLS and
GEE analyses were used to investigate variation among the least squares means obtained
from the General Linear Model.
For analyses of hatching success variation among the indigenous and invasive species at
the higher temperatures (15 and 25C), a generalised linear model analysis, assuming a
binomial distribution and a logit link function, was undertaken in SAS (V 9.1) to assess
effects of temperature variation, status (indigenous vs. invasive species) and interactions
between temperature and species.
Owing to the substantial emphasis that has been placed recently on identifying how the
temperature optimum (Topt), rate at the temperature optimum (umax) from performance
curves might differ among species, environments and treatments (e.g., Gilchrist 1996;
Kingsolver and Huey 1998; Angilletta et al. 2002, 2003; Deere and Chown 2006; Deutsch
et al. 2008) these traits were estimated for each species. This was done using a modification
of the method proposed by Angilletta (2006). For each species, the mean rate per batch at
each temperature was calculated and a curve was fitted to these data using TableCurve 2D
(SYSTAT Inc, 2002, San Jose, California, USA). The curve with the largest coefficient of
determination was selected, irrespective of the number of terms, because the aim was to
find the best-fitting curve so that Topt and umax could be determined from the fitted curve (in
the latter case using Gilchrist’s (1996) approach with 0.1C temperature increments).
Typically, the best fits were provided by the Exponentially Modified Gaussian, and Half
Gaussian Modified Gaussian curves (Supplementary material S1). In the case of Crypto-
pygus antarcticus travei, individual level data were used because mean data were available
only at four temperatures so precluding use of the peaked curve equations of TableCurve
2D. In this case a LogNormal4 curve provided the best fit (Supplementary material S1).
Values for Topt and umax were compared among the indigenous and invasive groups using
a single classification ANOVA.
Results
Temperature had the expected effect on development rate (Fig. 1; Table 1), with maximum
development temperatures found at 27.5C in the invasive species Isotomurus cf. palustris,
Ceratophysella denticulata and Parisotoma notabilis, and typically at lower temperatures
for the indigenous ones (see Appendix S2 for mean data values). In the generalized linear
model analyses, the homogeneity of slopes model revealed that depth and status had a
significant effect on the mean egg development rate, but no slope heterogeneity was
identified among the groups (Table 2). Means and confidence intervals for each of the
groups indicated that invasive species typically had faster mean egg development rates
than the indigenous species except in the hemi-edaphic depth group (Fig. 2). Because the
slopes of the rate–temperature relationships did not differ significantly among the groups
(including no 3-way interaction), it is clear that the reaction norms, or form and extent of
plasticity, do not differ among them.
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Calculation of lambda suggested limited influence of phylogeny on the least-squares
(LS)-adjusted mean development rate (k = 0) (Appendix S3, S4). Thus, phylogenetic-
adjusted results were excluded from further interpretation.
Mean egg development rates for the invasive species were significantly and substan-
tially faster than those obtained by randomization of the data (Fig. 3), suggesting that these
species have faster rates than expected on average. By contrast, no differences were found
for the indigenous groups except for the epedaphic group, which showed much slower
development rates than those obtained from a random selection of the data.
Fig. 1 Reaction norms for egg development rates for seven species of Collembola from Marion Island
(mean ± 95% CI at each temperature). The species marked with an asterisk are indigenous to the sub-Antarctic
Table 1 Summary statistics of the log10 of egg development rate–temperature relationships, using batch
means of egg development rate
Species Slope ± SE Intercept ± SE F df P R2 SE
Isotomurus
cf. palustris
0.0588 ± 0.0012 -1.9704 ± 0.0159 2447.57 1, 34 0.0001 0.9863 0.0431
Pogonognathellus
flavescens
0.0542 ± 0.0023 -2.0828 ± 0.0337 568.62 1, 9 0.0001 0.9844 0.0352
Parisotoma
notabilis
0.0530 ± 0.0016 -1.9651 ± 0.0219 995.63 1, 24 0.0001 0.9765 0.0446
Ceratophysella
denticulata
0.0510 ± 0.0020 -1.9408 ± 0.0292 635.31 1, 20 0.0001 0.9695 0.0504
Cryptopygus
dubius*
0.0458 ± 0.0025 -1.8901 ± 0.0369 330.81 1, 43 0.0001 0.885 0.0795
C. tricuspis* 0.0503 ± 0.0199 -1.9821 ± 0.0199 1352.51 1, 37 0.0001 0.9734 0.0465
C. antarcticus
travei*
0.0561 ± 0.0087 -2.3544 ± 0.1096 41.90 1, 3 0.0075 0.9332 0.0775
The species marked with an asterisk are indigenous to the sub-Antarctic
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The curve fitting approach indicated that whilst the indigenous species tended to
have lower Topt values than the invasive species, the difference was not significant
(F(1,5) = 3.63, P = 0.11). Likewise, umax did not differ significantly among these groups
(F(1,5) = 4.45, P = 0.09) (Table 3). However, hatching success was significantly lower at
25C in the two indigenous species by comparison with the invasive species (Table 4;
Fig. 4a, Appendix S5). These differences remained significant irrespective of whether the
species were considered separately or grouped by invasive status (Table 4; Fig. 4b).
Discussion
Invasive alien species are thought to differ from their indigenous counterparts by virtue of
differences in trait means and/or the extent of their phenotypic plasticity. The former idea
has proven controversial with some studies demonstrating significant and sometimes
Table 2 Outcome of the general
linear model investigating the
interaction between status, depth
distribution and temperature
Effect Sums of squares df F P
Status 0.0379 1 8.13 0.004898
Depth 0.08881 2 9.52 0.000120
Temperature 5.40866 1 1159.54 0.000001
Status 9 depth 0.08056 2 8.64 0.000267
Status 9 temperature 0.0035 1 0.75 0.387570
Depth 9 temperature 0.01144 2 1.23 0.295990
Status 9 depth 9
temperature




Fig. 2 The effect of depth distribution, and whether the species are invasive or indigenous, on mean (±95%
CI) egg development rate, when temperature is taken into account using a General Linear Model (see
Table 2)
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substantial differences among these two groups of species in trait means and other
investigations finding no differences at all (see Daehler 2003; Duncan et al. 2003;
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Fig. 3 Summary statistics (means ± 95% CLs) for estimated (observed) egg development rates for each
depth by status category relative to data randomised for depth and status across all species and categories.
Status (ind indigenous or inv invasive) and soil depth category (euedaphic, hemi-edaphic or epedaphic) were
randomised without replacement 100 times
Table 3 Values for the optimum
temperature (Topt) and egg
development rate at Topt (umax)
for each species




Parisotoma notabilis 27.0 0.151
Ceratophysella denticulata 27.8 0.169
Pogonognathellus flavescens 24.6 0.134
Isotomurus cf. palustris 27.3 0.192
Cryptopygus dubius* 24.8 0.119
C. tricuspis* 23.9 0.139
C. antarcticus travei* 13.8 0.037
Table 4 The results from a
generalised linear model assum-
ing a binomial distribution and a
logit link function, showing the
effects of temperature (Temp) on
the hatching success between
(a) species and (b) status
(indigenous or invasive)
Effect df v2 P
(a)
Species 5 681.55 \0.0001
Temp 1 58.97 \0.0001
Species 9 temp 4 17.54 0.0015
(b)
Status 1 0.01 0.9143
Temp 2 28.45 \0.0001
Status 9 temp 1 19.44 \0.0001
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reviews). In this case, substantial differences in trait means across the linear part of the
rate–temperature curve (while taking temperature into account) were found among the
indigenous and invasive species, with the invasive species having, on average, faster egg
development rates between 5 and 20C than the indigenous species. For umax, the indig-
enous species mean (0.0985 or 10 days for development at Topt) was only 61% of that
found for the invasive species (0.162 or 6 days for development at Topt), but because of the
relatively large variance around the means, and the small numbers of species involved, the
difference was not significant. Likewise, Topt did not differ among the two groups. In
















Fig. 4 The effect of temperature on hatching success at 15 and 25C with a species and b status
(indigenous or invasive). The species marked with an asterisk are indigenous to the sub-Antarctic. Error
bars show 95% CIs
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5–20C part of the reaction norm, and possibly at its optimum. Importantly, however,
hatching success was lower in the indigenous species at 25C (zero in C. antarcticus above
20C) than in the invasive species, although such differences were not apparent at 15C.
Thus, the invasive species appear to be at an advantage in terms of egg development rate
and hatching success at high temperature compared with the indigenous species in most
groups, except perhaps for the hemi-edaphic species where the difference was not
significant.
Given the fact that each status x depth category was typically only represented by a
single species (a consequence of the nature of the springtail assemblages at the site we
investigated—see Gabriel et al. 2001), it might be argued that the differences among the
groups are simply an artefact of the species investigated. The randomization procedure
suggested that, perhaps with the exception of the slow developing C. antarcticus, the
indigenous species are no different to what might be expected for a random assortment of
egg development rates. However, the invasive species always had faster rates than might
be expected from a random re-allocation of the data. Thus, further support is provided for
the idea that the invasive species typically have faster development rates than the indig-
enous ones. The limited influence of phylogeny (k = 0) also showed that the result is not
confounded by a strong phylogenetic signal in the data. In consequence, at least for this
assemblage of springtails, it does appear that the invasive species typically have much
faster development rates than the indigenous ones, and a lower susceptibility to hatching
failure at higher temperatures.
This outcome of a significant difference in trait means is in keeping with what has been
found for adult lower and upper lethal temperatures for a similar group of species from
Marion Island (including many of those studied here), where the indigenous species tended
to have lower freezing points (=lower lethal temperature in this case) and lower, high
temperature tolerances than the invasive species (Slabber et al. 2007). By contrast, duration
of survival of dry conditions (75% RH) did not differ among the indigenous and invasive
species for the adults, although acclimation to high temperature certainly increased sur-
vival time in the invasive species, whilst often having the converse effect on the indigenous
ones (Chown et al. 2007). In consequence, it appears that conclusions about whole
organismal responses cannot simply be generalized. Rather, the responses likely vary from
trait to trait, and in concert will determine the performance outcome for the organism
concerned (see also van Kleunen and Johnson 2007). Nonetheless, overall it appears that
warmer and drier conditions will certainly benefit invasive springtail species on Marion
Island relative to their indigenous counterparts.
Across the 5–20C part of the reaction norm, the slopes of the R–T relationships did not
differ among the species. This outcome is in keeping with that found for other traits in the
same species, notably survival time under desiccating conditions and lower and upper
critical thermal limits (Chown et al. 2007; Slabber et al. 2007), and with other investigations
where no differences in plasticity have been found (see Daehler 2003; Lee et al. 2007).
However, it differs from a range of studies where significant and often substantial differ-
ences in phenotypic plasticity among indigenous and invasive species within the same taxa
have been found (e.g., Trussell and Smith 2000; Rosecchi et al. 2001; Stachowicz et al.
2002; Duncan et al. 2003; Dzialowski et al. 2003; Richardson and Pyšek 2006).
From a climate change perspective the present data, in the context of what is known
about means and reaction norms of other traits in these species (Chown et al. 2007; Slabber
et al. 2007), suggest that the invasive species should be predominant in low elevation warm
areas of Marion Island, and should continue to be favoured by ongoing warming and
drying. This is indeed what has been found to date. Ecological surveys of the island have
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found exceptionally high densities and dominance of the invasive species at low elevations
across the island, but an absence of these species at higher, cold, dry elevations (Gabriel
et al. 2001). Moreover, field experiments that have simulated predicted warming and
drying on the island (see le Roux and McGeoch 2008) resulted in substantial declines in the
abundances of the indigenous species and little change in the abundance of an invasive
species (Chown et al. 2007). The outcomes of this study also support previous predictions,
made on the grounds of qualitative comparisons of insect life history data, that invasive
species will be favoured by climate change at the island given their short development
times (Chown et al. 2002). However, they contradict the idea that steeper rate–temperature
relationships in invasive than in indigenous species will further benefit the former under
warmer conditions (Chown et al. 2002). Nonetheless, further evidence that climate change
is benefiting the invasive springtails would be provided by demonstrations of an altitudinal
range expansion. This work is presently underway.
In conclusion, the present study has demonstrated that mean egg development rate and
hatching success at high temperature, but not the thermal reaction norms of development
rate, differ consistently between indigenous and invasive springtails on Marion Island, and
that these differences are likely to have substantial implications for assemblage structure as
the climate continues to change (see also Janion et al. 2009). In so doing it demonstrates
how, by considering mean and plasticity of traits separately (see Ghalambor et al. 2007),
insight into the mechanistic basis of interactions among climate change and invasion may
be obtained. It also provides further evidence that the interactions among climate change
and invasion are likely to be synergistic (see also Stachowicz et al. 2002) and that such
interactions need urgent further investigation (Brook 2008). Whether our results for
springtails can be generalized more broadly to this group remains to be determined through
further study of assemblages of indigenous and invasive species elsewhere. Nonetheless, it
supports a growing body of work showing that the traits of indigenous and invasive species
differ considerably, probably owing to the characteristics that ensure survival and estab-
lishment in the first place (Blackburn et al. 2009).
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